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Archaean basalts record evidence of lithospheric extension prior to cratonisa-
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Re-evaluation of late Archaean upper mantle dynamics in the Yilgarn craton, based

on compilation of >15,000 mafic igneous sample compositions across Australia.

e Primitive, uncontaminated samples are depleted in light rare earth elements, consis-

tent with high degrees of melting at shallow depths.

e Trace element modelling predicts melting at <50 km and potential temperatures

~110-270 °C hotter than present-day ambient mantle.

e Depth and temperature predictions are validated by calculating elevations of extrap-

olated stratigraphic columns at 2.72 Ga, 2.65 Ga and the present-day.

e Results are consistent with decompression melting under near-ambient Archaean

mantle conditions, likely with the contribution of a rising mantle plume.
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Abstract

The dynamics of Earth’s early mantle remain enigmatic. A wide range of tectonic settings
have been proposed for the Archaean eon prior to cratonisation, a time from which few
samples are preserved in the geological record. Here, we reexamine this topic by estimat-
ing temperatures and depths of melt generation in the late Archaean mantle using a new
geochemical data compilation of mafic igneous rocks from the Yilgarn craton, Australia.
We combine these results with stratigraphic and geodynamic constraints to better resolve
Archaean upper mantle dynamics. The igneous data compilation was screened to identify
samples most representative of melting conditions in the convecting mantle and to min-
imise the effects of crystal fractionation and assimilation of crustal or cumulate material.
The dataset predominantly comprises tholeiitic basalts in the well-studied Kalgoorlie ter-
rane that lie at the base of the stratigraphic sequence beneath komatiites, later mafic to
felsic volcanic sequences, and the granites that make up the bulk of the Yilgarn cratonic
crust. The screened data display depleted MORB-like rare earth element patterns with
no evidence of a garnet signature. Forward and inverse modelling of these compositions,

assuming a partially depleted peridotite mantle source, predicts melting at depths as shal-
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low as ~40 km and mantle potential temperatures elevated by ~110-270 °C compared to
present-day ambient mantle. These results are consistent with decompression melting un-
der near-ambient Archaean mantle conditions. Lithospheric extension and the calculated
temperature excess could be caused by non-adiabatic mantle flow ahead of a rising plume
and /or melting of the plume head itself.

Keywords: Archaean flood basalt, lithospheric thickness, volcanic geochemistry, trace

element modelling, Yilgarn craton

1. Introduction

Plate tectonics shapes the surface of our planet and organises underlying mantle flow.
It controls much of Earth’s topography, the cycling of volatiles, nutrients, heat flow, and
numerous other processes that contribute to Earth’s habitability (e.g. Kasting and Catling,
2003; Braun, 2010; Lee et al., 2018). While its importance is clear, the origin of plate
tectonics and, in particular, the emergence of the first continents, remain disputed. There
are numerous conflicting propositions for Earth dynamics in the Archaean eon and a wide
range of ages, anywhere from >4 Ga to <1 Ga, have been suggested for the onset of
subduction (e.g. Stern, 2005; Hopkins et al., 2010; Korenaga, 2013; O’Neill and Debaille,
2014; Hastie et al., 2016; Campbell and Davies, 2017; Cawood et al., 2018; Gamaleldien
et al., 2024).

The primary reason for this uncertainty is the scarcity of data that document early
Earth conditions and processes prior to cratonisation. Primitive mafic volcanic rocks, that
are unaffected by secondary crustal processes, are key to discerning upper mantle physical
conditions, since the depth and temperature of melting is recorded in the geochemical com-
positions of magmas (e.g. Gast, 1968; Minster and Allegre, 1978; Albarede, 1983; Hofmann
and Feigenson, 1983; Keller and Schoene, 2018). Yet, only a small fraction of the exposed
crust preserves Archaean lithologies, of which over two thirds are felsic intrusives that

formed in the lead-up and during cratonisation (tonalite-trondhjemite-granodiorite rocks,
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TTGs, and K-rich granites; Champion and Cassidy, 2007; Hawkesworth et al., 2009). Much
of the remainder, greenstone sequences that are dominated by mafic volcanic lithologies but
also include ultramafic to felsic metavolcanic and -sedimentary rocks, are also overprinted
by later continent-building felsic events (Champion and Cassidy, 2007).

Proposed mechanisms for early Earth dynamics, continent formation and the origin
of Archaean mafic volcanic rocks range from stagnant-lid models to lateral tectonics and
plume dominated crustal production in a mobile lid setting to modern-style plate tectonic
processes such as subduction and rifting. For example, Moore and Webb (2013) simulated
a cold and thick lithosphere that developed as a result of frequent volcanic eruptions in
a heat-pipe Earth model. Capitanio et al. (2020) demonstrated that continental litho-
sphere can be produced through protracted slow stretching and depletion via decompres-
sion melting. Campbell and Hill (1988) argue for a two-stage process where a long-lived
mantle plume first generates the mafic volcanic successions of the greenstone belts; and
continued conduction of heat then leads to melting of the base of a pre-existing crust,
producing granitic lithologies. Czarnota et al. (2010) propose terrane accretion through
cycles of subduction and contraction in a convergent margin followed by mid-orogenic ex-
tension. Pawley et al. (2012); Mole et al. (2019) and Smithies et al. (2024) emphasise the
importance of intra-continental rifting following terrane accretion.

Each of these dynamic modes has specific implications for geological surface processes
and the style of volcanism it can support. For example, a heat-pipe Earth features globally
uniform lithospheric thicknesses >100 km that effectively insulate the mantle and maintain
high surface heat flow (Moore and Webb, 2013). In this setting, very little lithospheric or
surface activity occurs, except for melt extraction from depth through relatively narrow
vertical channels (Moore and Webb, 2013; Kankanamge and Moore, 2016). If, in contrast,
extensional processes were viable, melting at shallow depths could have occurred, and
(pseudo-)tectonic processes similar to those occurring in present-day rift settings could be

preserved in the stratigraphic record. If melting is triggered by a mantle plume, temporarily
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increased mantle potential temperatures would be reflected in larger melt fractions at any
given depth of melting (McKenzie and Bickle, 1988). An important distinction between
these different cratonisation mechanisms, therefore, are the implied lithospheric thickness
and mantle potential temperatures.

The Yilgarn granite-greenstone successions in western Australia comprise one of the
largest fragments of Archaean crust preserved on Earth, as well as hosting rich nickel and
gold mineralisation (Champion and Cassidy, 2007). Due to this geological and economic
significance, the Eastern Goldfields Superterrane, in particular, has been studied in great
detail and produced many insights into komatiite petrogenesis and Archaean crust-mantle
evolution (e.g. Condie, 1975; Arndt and Lesher, 1992; Campbell and Davies, 2017). In this
paper, we present a new geochemical data compilation of mafic igneous compositions from
the Yilgarn craton that provide novel insight into volcanic processes prior to the onset
of cratonisation. Through careful data screening, only the most primitive and uncontami-
nated samples are selected that can be used to calculate melt fractions and depth of magma
generation. These parameters are then used to derive mantle potential temperature and
lithospheric thickness at the time of melting. Based on these results, we conduct a holistic
reappraisal of the geodynamic processes in the Eastern Goldfields Superterrane: combin-
ing geochemical, geophysical and stratigraphic constraints to better resolve late Archaean

upper mantle dynamics and the geodynamic processes leading to cratonisation.

2. Geological Setting and Existing Constraints

The Yilgarn craton is a 3.5-2.6 Ga Archaean terrane in southwestern Australia that
is predominantly comprised of metamorphosed volcanic, sedimentary and granitic rocks
(Czarnota et al., 2010). Metamorphic grade across the craton varies from greenschist
to granulite facies, and many of the original igneous textures and structures are preserved
(Swager, 1997). The Yilgarn craton is commonly subdivided into a series of provinces, that

are generally younging progressively to the east. The Narryer and South West Terrane in
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the west of the craton are dominated by granite and granitic gneiss, whereas the Youanmi
Terrane and the Eastern Goldfields Superterrane are composed of broadly north-trending
greenstone belts separated by extensive granites and granitic gneiss (Figure la; Cassidy
et al., 2006; Czarnota et al., 2010). Although this structure has been widely interpreted
to represent terrane accretion, more recent isotopic mapping has revealed an older NE-
to ENE-trending fabric (Mole et al., 2019; Smithies et al., 2024). This old fabric was
subsequently disrupted and overprinted by younger NNW-striking rifts associated with
the emplacement of the greenstone belts (Pawley et al., 2012; Mole et al., 2019; Smithies
et al., 2024).

The Eastern Goldfields Superterrane, with ages ranging between 2810 Ma and 2660
Ma for its supracrustal rocks, is further subdivided into three distinct tectonostratigraphic
provinces, one of which, the Kalgoorlie Terrane, is well-known for its komatiite to tholei-
itic basalt volcanic association (Cassidy et al., 2006; Czarnota et al., 2010). Abundant
granitoid complexes make up at least 65-70% of the surface area of the Eastern Goldfields
Superterrane, emplaced at the time of peak regional metamorphism between 2670 and 2650
Ma (Champion and Cassidy, 2007).

The Yilgarn craton has been largely tectonically stable since ~2.62 Ga, following cra-
tonisation during Neoarchaean orogeny (Cassidy et al., 2006). Numerous different mecha-
nisms for cratonisation have been proposed, that generally invoke melting of a pre-existing
lower crust to form granites and the subsequent emplacement of these granites into the
upper crust (e.g. Campbell and Hill, 1988; Cassidy et al., 2006; Moyen and Martin, 2012;
Korhonen et al., 2025). This crust is stabilised by the removal of elements and phases with
low melting point (e.g. Si, K and H20) and radioactive elements (K, U and Th), while
mafic and ultramafic cumulates are thought to have been removed via delamination or
similar processes to provide sufficient buoyancy to the cratonic lithosphere (Campbell and
Jarvis, 1984; Flament et al., 2008; Moyen and Martin, 2012; Campbell and Davies, 2017).

The composition and thickness of the crust and lithospheric mantle have likely remained
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largely unchanged since then, although localised modification of the base of the lithosphere
through melt infiltration is likely (Occhipinti et al., 2017; Tesauro et al., 2020). As a con-
sequence, present-day lithospheric conditions are likely to closely reflect the Neoarchaean
architecture. Today, crustal thickness of the Eastern Goldfields Superterrane measures
~40 km (Kennett et al., 2018). Based on surface exposure and seismic velocities, about
25% of this crust is estimated to constitute greenstones and 75% to make up the felsic
plutonic crust (Drummond, 1988; Champion and Cassidy, 2007; Kositcin et al., 2008).
Lithospheric thickness is estimated between 180-220 km (Hoggard et al., 2020).

2.1. Stratigraphy

The known stratigraphy of the Kalgoorlie supergroup, i.e. the sequences associated
with the evolution of the Eastern Goldfields Superterrane, is characterised by basal mafic
to ultramafic marine volcanics and rare intrusives, overlain by komatiites, a mafic volcanic
sequence, felsic volcaniclastic deposits and finally a sedimentary package of sandstones
and conglomerates (Figure 1c; Swager, 1997; Sylvester et al., 1997; Kositcin et al., 2008;
Czarnota et al., 2010; Said et al., 2010; Barnes et al., 2012). The sequence from basal vol-
canics to the top of the felsic volcaniclastic unit is locally at least 3-7 km thick (Kositcin
et al., 2008). It is likely underlain by continental crustal lithologies of the Youanmi Terrane
of unknown thickness, including at least 3 km of pre-2.73 Ga greenstones predominantly
composed of submarine basalt and rare thin shale or chert horizons and turbidites (Comp-
ston et al., 1986; Nelson, 1997; Kositcin et al., 2008; Czarnota et al., 2010; Smithies et al.,
2022). Extensive sedimentation does not occur until after the basaltic volcanism, implying
the widespread emergence of the continental crust above sea level in conjunction with cra-
tonisation at that time (Campbell and Hill, 1988; Flament et al., 2008). Periodic thinning
of the pre-existing continental crust, as required for submarine depositional settings, has
been linked to either crustal spreading caused by high Archaean lower crustal temperatures
from increased radiogenic heat production, or to intra-continental rifting (Czarnota et al.,

2010; Flament et al., 2011; Smithies et al., 2024).
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We here focus on the 2.72-2.69 Ga Kambalda Sequence (also known as Hannans Sub-
group) and equivalent units from other localities across large distances within the Eastern
Goldfields Superterrane that comprise a marine mafic-ultramafic sequence of basal low-
Th basalt (e.g. Lunnon basalt) overlain by uncontaminated komatiites which are in turn
overlain by increasingly crustally contaminated basalts (e.g. Devon Consuls and Paringa
basalts, see Fig. 1; Lesher and Arndt, 1995; Sylvester et al., 1997; Barnes et al., 2012).
Both the basal tholeiitic basalts as well as the later contaminated basalts show clear evi-
dence of deposition in a sub-marine setting, with common pillow structures and rare and
minor interlayered hemipelagic sedimentary rocks in the form of sulfidic shales and cherts
(Barley et al., 1989; Swager, 1997). However, zircon xenocrysts and other evidence of fel-
sic contamination of the mid- to upper parts of the Kambalda Sequence suggest eruption
through pre-existing continental crust (Oversby, 1975; Compston et al., 1986; Campbell
and Hill, 1988; Barley et al., 1989; Nelson, 1997; Bateman et al., 2001). In contrast, the
progression from submarine greywackes to silicic pyroclastic and associated sedimentary
rocks within the Black Flag Group, which overlies the Kambalda Sequence, documents a
clear transition to a sub-aerial setting by 2.69 Ga (Barley et al., 1989; Said et al., 2010;
Campbell and Davies, 2017).

2.2. Geochemistry

The pre-existing mafic crust below the Kambalda Sequence potentially shows the entire
compositional variability of the Youanmi Terrane, including komatiite, banded iron forma-
tion and tholeiitic pillow basalt with relatively low MgO concentrations and slight light rare
earth element (LREE) depletion, indicating a previously depleted mantle source. Although
there is some limited evidence of crustal contamination, these lithologies are predominantly
primitive and uncontaminated, in contrast to the overlying Kambalda Sequence (Czarnota
et al., 2010; Smithies et al., 2022).

The low-Th basalt at the base of the Kalgoorlie supergroup, represented by the Lunnon

basalt in the Kambalda Sequence, is characterised by moderate MgO contents, low incom-
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patible element concentrations with flat REE-HFSE patterns and minor LREE depletion,
elevated Cr and Ni, an absence of significant Nb anomalies or other indicators of extensive
fractionation or crustal contamination, and eNd values between 2.1-3.7 (Lesher and Arndst,
1995; Barnes et al., 2012). Two distinct suites have been distinguished within this basaltic
unit, based predominantly on their MgO and incompatible element content. They are
interpreted to be variably fractionated melts derived from the same, previously depleted,
mantle source by different degrees of partial melting (Redman and Keays, 1985; Lesher
and Arndt, 1995). This group represents typical tholeiitic basalts derived by moderate to
high degrees of melting at shallow depths (Barnes et al., 2012).

The komatiite sequence comprises ultramagnesian rocks with characteristic spinifex
textured flows that are generally interpreted to require high degrees of partial melting
(>30%) at considerable depth (8-12/15 GPa), consistent with melting within a mantle
plume (Condie, 1975; Nesbitt and Sun, 1976; Arndt and Lesher, 1992). Arndt and Lesher
(1992) proposed a plume with mantle potential temperature, Tp ~ 1750 °C as the source
of the Kambalda komatiites. eNd values of ~5 are slightly higher than those of the low-Th
tholeiitic basalts, which could indicate different melt sources for the two events (Campbell
et al., 1989; Lesher and Arndt, 1995).

The top of the sequence is characterised by basaltic rocks with progressive crustal
contamination (Lesher and Arndt, 1995; Bateman et al., 2001). Compositions broadly
overlap with the underlying komatiitic basalts except for a strong enrichment in LREE and
Th, combined with strongly negative Nb anomalies, that suggest combined fractionation
and crustal contamination of komatiitic melts (e.g. Barnes et al., 2012). This progressive
contamination is also shown in eNd values that evolve from 2.5 for the Devon Consuls

basalt to -1.6-1.8 for the Paringa basalt at the top of the sequence (Bateman et al., 2001).
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3. Data Selection and Screening

It has been demonstrated that primitive volcanic rocks can preserve signatures of melt-
ing processes in the mantle (e.g. Gast, 1968; Minster and Allegre, 1978; Albarede, 1983;
Hofmann and Feigenson, 1983; McKenzie and O’Nions, 1991; Langmuir et al., 1992; Plank
and Forsyth, 2016). The depth and temperature of melting are recorded in magma major
and trace element chemistry, along with evidence of any additional processes that occurred
during magma storage and ascent. In the most primitive igneous rocks, such additional
processes are limited and can often be ‘reversed’ to estimate primary magma composition
(e.g. Lee et al., 2009). We therefore compiled and screened a dataset of the most primitive
and uncontaminated samples of Archaean mafic rocks from the Yilgarn craton to calculate
their melt fractions and depth of magma generation.

Similarly to Barnes et al. (2012) we did not want to restrict this study to the Kambalda
Sequence alone. Through Geoscience Australia’s ‘Exploring for the Future’ programme,
Klocking et al. (2020) compiled a dataset of more than 10,000 mafic igneous (volcanic and
shallow intrusive) sample compositions across Australia from separate major and trace
element datasets curated by the Geoscience Australia Inorganic Geochemistry database
(GEOCHEM; Champion, 2019) and the state geological surveys. To collate a compre-
hensive collection of mafic volcanic samples from the Archaean Yilgarn craton in Western
Australia, this dataset has been further augmented with additional analyses from the
database of the Geological Survey of Western Australia (WACHEM; Geological Survey of
Western Australia, 2021). The full dataset comprises >15,000 analyses, of which >3,700
are from greenstones of the Yilgarn craton.

The majority of samples in this igneous data compilation have not been directly dated.
Missing ages were assigned by cross-referencing the dataset with the Australian Mafic-
Ultramafic Events Dataset (Thorne et al., 2014) and the Australian Stratigraphic Units
Database (Geoscience Australia and Australian Stratigraphy Commission, 2017) as well as

local stratigraphic relationships. Where dates were available from both of these sources,
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a ‘preferred age’ was chosen based on the event or unit description and the uncertain-
ties reported in each dataset. Drill core samples were assigned ages based on the known
stratigraphic succession. The data compilation is available at Klocking et al. (2025).
Only the most primitive melt products can be used to resolve mantle conditions such as
the pressure and temperature of melt generation. Secondary processes, including crystal
fractionation and assimilation, significantly alter the primary magma composition. As a
consequence, geochemical screening of the compiled dataset, based on MgO, Eu, Sr, Pb and
Nb/U contents, was required to select those samples that are most similar to the primary
melt generated in the mantle. MgO is a proxy for olivine and clinopyroxene fractionation,
while Eu is preferentially incorporated into plagioclase compared to the other rare earth
elements. Screening by these elements removes any samples that have undergone significant
crystallisation or assimilation of minerals such as olivine, clinopyroxene and plagioclase. In
this screening process, only the least evolved, basaltic samples that contain 7 wt% < MgO
< 13 wt% were accepted for further analysis. To remove samples affected by plagioclase
fractionation or crustal assimilation, only samples with negligible Eu and Sr anomalies of
were accepted: 0.9 < £%L < 1.1 and 0.75 < 2£ < 1.25 (where Lu — __Bup . Sr

Eu Sr* Eu* — \/Sm.Gd,' Sr*
\/Nsd;%; subscript n refers to compositions normalised to primitive mantle of McDonough
n n

and Sun, 1995). Furthermore, to screen out samples with the chemical affinity of modern-

day subduction-related melts, samples with a positive Pb anomaly ( Iflﬁ = \/% > 1.1)
were removed. In a final screening step, only samples with Nb/U > 30, an indicator for
crustal contamination, were accepted (Figure 2a; Sylvester et al., 1997; Hofmann et al.,
1986; Jochum et al., 1986). One additional sample was removed because of its anomalously
high Ta concentration. The resultant screened dataset for the Yilgarn craton contains 47
samples (Klocking et al., 2025).

This screened dataset predominantly comprises tholeiitic basalts in the Kalgoorlie ter-

rane that erupted prior to the main komatiite sequence or the felsic magmas that make up

the bulk of the Yilgarn cratonic crust. The mafic compositions investigated here, there-
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fore, represent melting conditions before the onset of processes leading to cratonisation.
Although confined predominantly to the Eastern Goldfields Superterrane, they span a
large geographical region and mostly belong to several coeval but distinct units (Figure
1). These units include the Lindsays Basalt, Lunnon Basalt, the Desirable Pillow Basalt
(Woolyeenyer Formation), Satellite Igneous Complex, the Youanmi Terrane greenstones.
In addition, the dataset also includes older samples from the Mount Pleasant Gabbro,
Stony Hill Dolerite and Yamarna Terrane greenstones, which are geochemically indistin-
guishable from the Lunnon Basalt. Following Barnes et al. (2012), we collectively refer to
them as basal low-Th basalts.

As shown in Figure 2b, the screened data display depleted, MORB-like rare earth ele-
ment patterns. The flat mid- to heavy-REE patterns show no evidence of a garnet signa-
ture. Anomalies in the fluid mobile, large ion lithophile elements (LILEs: Cs, Rb, Ba) and
other small compositional variations could be a consequence of additional contamination,
weathering or analytical uncertainties of individual samples not removed by the screening
process. Note, however, that the overall sample compositions are remarkably homogeneous,
so that their mean concentrations likely reflect source processes. Finally, these screened
compositions were corrected for olivine and clinopyroxene fractionation, using the Petrolog3
software of Danyushevsky and Plechov (2011) with the mineral-melt equilibrium models
of Langmuir et al. (1992), to obtain near-primary melt compositions that may be used for
modelling of the melting process. For each sample, olivine and clinopyroxene were added
back into the observed melt composition until it is in equilibrium with forsterite-93 olivine
and Mg#-93 clinopyroxene. These equilibrium compositions were chosen based on average
Archaean xenolith compositions (Herzberg and Rudnick, 2012). For this calculation, it is
assumed that olivine contains no REEs while REE partition coefficients for clinopyroxene
are taken from (Oliveira et al., 2020). Due to the low precision of the Petrolog3 output
(one decimal place for trace elements), all other trace elements were calculated separately

by mass balance from the observed concentrations and the total amount of olivine and
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clinopyroxene addition. On average, 16% olivine and 31% clinopyroxene were added to
the observed melt composition during this fractionation correction. Corrected melt MgO

contents range between 17.5-19.6 wt% (average 18.7 wt%).

4. Inverse Geochemical Modelling

Quantitative constraints on the extent and depth range of melting for a volcanic
province can be computed by comparing observed REE concentrations with a range of
predictions from mantle melting models (McKenzie and O’Nions, 1991). Since REEs are
incompatible in the main mantle phases, their concentrations within the melt reduce as
melt fraction increases. In addition, heavy REEs are compatible in garnet whereas light
REEs are not, which renders REE distributions sensitive to the relative proportions of melt-
ing that occur within the garnet and spinel stability fields. Since garnet is only present at
depths approximately > 65 km, REE concentrations can, therefore, be used to determine
both the depth and temperature of melting (Kay and Gast, 1973; McKenzie and O’Nions,
1991; Jennings and Holland, 2015). For a given mantle composition, the depth of onset
of melting is principally controlled by mantle potential temperature, 7},, while we assume
that melting ceases at the base of the mechanical lithosphere, z; (McKenzie and Bickle,
1988). Final melt fraction is determined as the cumulative pool of melts extracted between
these two depths, with a weighting towards deeper melts to represent a triangular melting
region.

Here, we estimate the melting depth and temperature for the Yilgarn low-Th basalts
with a near-fractional decompression melting model. We use the INVMEL-v12 forward
model to generate a suite of REE profiles by varying 7, by 1 °C and z; by 1 km incre-
ments between 1250 and 1650 °C and 0 and 100 km, respectively (McKenzie and O’Nions,
1991; White et al., 1992). Based on the eNd composition of the low-Th basalts (¢Nd
~ 3), we assume a moderately depleted peridotite source composition derived by mixing

primitive and depleted end members of McKenzie and O’Nions (1991) in a ratio of 70:30.
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The hydrous melting model of Katz et al. (2003) is used to calculate melt fraction as a
function of depth for each T),—z; pair. Source water content is set relative to the source
Ce content (H,O/Ce = 200; Michael, 1995). Note that, to honour more recently obtained
experimental constraints, the values of several parameters used in the Katz et al. (2003)
melting model have been revised to those used in Shorttle et al. (2014) and calculations
were performed using pyMelt (Matthews et al., 2022). Present-day, ambient mantle poten-
tial temperature implied by this parameterisation is ~1330 °C, which is the temperature
required to produce 7 km of oceanic crust at a mid-ocean ridge where asthenospheric man-
tle is decompressed to surface pressures. Partition coefficients for olivine, orthopyroxene
and spinel used by the INVMEL-v12 algorithm are given by McKenzie and O’Nions (1995).
Coefficients for clinopyroxene and garnet are calculated using parameterisations described
by Wood and Blundy (1997) and Westrenen et al. (2001), respectively. Mineral compo-
sitions together with mantle mineralogy as a function of pressure and melt fraction are
provided by McKenzie and O’Nions (1991) and McKenzie and O’Nions (1995). We assume
that the spinel-garnet transition occurs between 63 and 72 km and does not vary with
temperature (i.e. 21-24 kbar; Klocking et al., 2018). Note that the use of an alterna-
tive melting parameterisation or a deeper spinel-garnet transition would increase inferred
potential temperature by up to +50°C (Klocking et al., 2018).

To estimate the melting conditions for the Yilgarn low-Th basalts, the misfit between
observed REE concentrations and those calculated from the forward models is minimised.
A grid search is carried out to identify models with the smallest root mean squared (rms)
misfits between calculated and average observed concentrations, normalised by the sum of
their 30 uncertainties (Figure 3). Only the four elements La, Nd, Dy and Yb are required
for the misfit calculation: these commonly measured elements evenly sample the range
of REE partition coefficients for spinel and garnet-bearing lithologies and so can be used
to derive source processes without bias to either melt fraction or depth of melting. The

composition of other elements not included in the misfit calculation provide an independent

13



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

means to assess the quality of our results. Models are deemed acceptable if they yield rms
misfits <2. This threshold is arbitrary, but reflects a reasonable range of model solutions.

Best-fitting models suggest extensive melting over a ~150 km depth range with maxi-
mum melt fractions of ~30% (Fig. 3b). Shallower melting is favoured, although the overall
large melt fractions still predict between 10-25% melting within the garnet stability field.
Figure 3d shows a clear trade-off between 7, and zj, where solutions at lower tempera-
tures and shallow depths produce similar melt compositions (due to similar melt fractions)
as solutions at higher temperatures and larger depths. Note that uncertainties are large
because of the very high melt fractions required by the highly depleted REE compositions:
at cumulative melt fractions greater than ~20%, REEs become increasingly insensitive to
small variations in 7}, and zr. Only La, Nd, Dy and Yb concentrations are used to deter-
mine the minimum misfit in Figure 3d. The good fit to other trace element compositions,
therefore, acts as a further control that the model solutions can reasonably predict the full
observed elemental compositions (Fig. 3c).

The range of best-fitting solutions predict lithospheric thickness of 0-47 km and mantle
potential temperature estimates vary between 1440-1600 °C, i.e. an increase of ~110—
270 °C compared to present-day ambient mantle. By extrapolating a secular cooling curve
between today and the solidification of Earth at 4.5 Ga at mantle potential temperatures
elevated by +190 °C compared to today, we calculate an ambient mantle potential temper-
ature of 1420 °C at 2.7 Ga, or +90 °C above the present-day (cf. Davies, 1999; Campbell
and Griffiths, 2014). The REE model results therefore predict potential temperatures

elevated by ~20-180 °C compared to the late Archaean ambient mantle.

5. Discussion

As previously observed by Barnes et al. (2012), the low-Th basalts display distinc-
tive flat mid- to heavy-REE patterns that show no evidence of a garnet signature. REE

modelling suggests that this absence of a garnet signature is due to shallow melting and
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the overall high melt fractions. Even though melting in the garnet field is predicted, the
majority of best-fitting model solutions exceed the threshold of 10% melting for garnet
exhaustion at <3 GPa (Walter, 1998).

The degree of depletion in LREE suggests that an even more depleted peridotite source
composition could provide a slightly better fit to observed compositions. However, since
the effect on calculated 7}, and z;, would be minimal, we have chosen to use the available
Nd isotopic compositions to constrain the level of depletion. For comparison, choosing 50%
depletion (i.e. a 50:50 mix of primitive and depleted MORB mantle) results in best-fitting
predictions of 7, = 1416-1600 °C and 2z, = 0-57 km.

Since stratigraphic constraints require pre-existing continental crust, the shallowest
melting depths predicted by REE inverse modelling are rejected, and our preferred so-
lutions lie in the range of 7T, = 1550-1600 °C and z; = 40-50 km. Nonetheless, these
shallow depths of melting likely require significant amounts of stretching and shortening
of the pre-existing continental crust/lithosphere. The thickness of this pre-existing crust
and lithospheric mantle are unknown. The only constraints are that all eruptions of the
Kambalda Sequence and the previous mafic sequences were submarine and erupted through
pre-existing continental lithosphere, which suggests a lack of extensive low-density crust
and depleted continental lithospheric mantle.

For mantle melting at 7}, = 1550 °C and z;, = 40 km, INVMEL-v12 predicts a total melt
thickness of ~20 km at the base of the lithosphere. This melt volume is more than enough
to extract the observed thicknesses of the Lunnon Basalt at Kambalda or the Woolyeenyer
Basalt at Norseman, both of >1750 m thickness (e.g. Kositcin et al., 2008). Based on the
fractionation correction of ~50%, a further 1 km of cumulates could be intruded at the base
of the crust; and it is possible that at least part of the remaining melt volume could also
have been intruded into the lithosphere and up to the base of the crust. Although there
is no evidence preserved in the stratigraphic record of either cumulates or mafic intrusions

related to the low-Th tholeiites, it is likely that this voluminous magmatic event would

15



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

390

391

have substantially re-thickened the crust and lithosphere. Later komatiite volcanism likely
produced even higher melt volumes. Therefore, despite the originally thin crust predicted
here at the time of basal low-Th basalt generation (2.72 Ga), crustal thickness at the
time of cratonisation (~2.65 Ga) could have easily increased to >50 km. The minimum
required crustal thickness for cratonisation processes, as defined by the inferred depth of
remelting of hydrated mafic crust, is >50 km (Moyen and Martin, 2012), which is plausible
to achieve with our results. The present-day crustal thickness of 40 km is then the result
of delamination of mafic cumulates during cratonisation and subsequent surface erosion.
The mantle residue produced by melting at 7, = 1550 and z;, = 40 has a composition
of FeO = 7.2 wt% and Mg# = 92. These values are consistent with the compositions
of global Archaean xenoliths (Mg# = 92-94; Griffin et al., 1999; Herzberg and Rudnick,
2012; Campbell and Davies, 2017). Finally, the melting conditions predicted by REE
modelling also agree with previous estimates of Herzberg et al. (2010) and Lee and Chin
(2014) based on major element compositions of different, smaller datasets. They calculated
melting depth of 30 km and mantle potential temperatures of 1400-1750 °C. Note that the
thermometer of Lee et al. (2009) employed by Lee and Chin (2014) consistently predicts
mantle potential temperatures 50-100 °C higher than the McKenzie and O’Nions (1991)
model used here (Klocking et al., 2018). While the melting depths are consistent with
the solutions presented here, we are able to constrain a smaller range of possible mantle

potential temperatures due to the extensive data screening.

5.1. Geodynamic Setting

A wide range of different geodynamic settings have been proposed for the Eastern
Goldfields Superterrane over the years. Many of these proposals invoke mantle plume
activity, often in combination with extensional tectonic processes. In contrast, previously
popular hypotheses of a convergent margin type setting with calc-alkaline volcanism (e.g.
Barley et al., 1989; Swager, 1997; Krapez et al., 2000; Kositcin et al., 2008) now seem less
likely based on more recent evidence (Mole et al., 2019; Smithies et al., 2024).
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Komatiite volcanism, in particular, is commonly attributed to melting within a mantle
plume (Condie, 1975; Nesbitt and Sun, 1976; Arndt and Lesher, 1992; Lesher and Arndt,
1995). Campbell et al. (1989) further suggested that the low-Th basalts could have been
produced by the head of a plume, whereas melting of the plume tail generated the hotter
and deeper komatiitic melts. Heat derived from such a plume and large-volume magmatic
intrusions could then cause melting of the pre-existing continental crust leading to crustal
contamination of later volcanic sequences and extensive granite formation (e.g. Campbell
and Hill, 1988; Campbell and Davies, 2017; Moyen and Laurent, 2018). The distinctive
north-south orientation of the Eastern Goldfields mafic and ultramafic successions, as well
as the larger E-W spatial extent of plume-head-derived basalts compared to the more
restricted plume-tail-derived komatiites, could also be explained by lateral diversion of a
plume impinging under the thick continental lithospheric lid of the Youanmi Terrane, in
turn triggering continental rifting along the craton margin (Barnes et al., 2012).

Extension is a critical feature of all proposed geodynamic scenarios as it is unequivo-
cally documented by the stratigraphic record, and regardless of the geodynamic trigger,
the volcano-sedimentary successions of the greenstone belts across the Eastern Goldfields
Superterrane are often interpreted as contemporaneous basins (Swager, 1997; Czarnota
et al., 2010; Barnes et al., 2012). Various trigger mechanisms of this extension have been
suggested, ranging from modern-style intracratonic rifting, to more short-lived, episodic
lithospheric extension and gravity-induced lateral flow (Flament et al., 2011; Capitanio
et al., 2020). It has been suggested that both stratigraphic and geochemical characteris-
tics of the Eastern Goldfields Superterrane can be explained through repeated continental
rifting in combination with plume-derived magmatism (Pawley et al., 2012; Mole et al.,
2019; Smithies et al., 2024). Our results are consistent with this interpretation, where
both shallow melting depth and elevated mantle potential temperatures are required. As
pointed out by many previous authors, the low-Th basalts are most consistent with shallow

melting and, therefore, an extensional setting. Stratigraphic relations necessitate that this
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extension occurs on pre-existing continental crust (Czarnota et al., 2010). We therefore
disregard the best-fitting model result that suggests melting without any overlying crust
or lithosphere (z;, = 0). However, misfit significantly increases for z; >50 km which is
therefore considered an upper bound on lithospheric thickness during melting. The calcu-
lated mantle potential temperature is elevated compared to present-day values, however it
is significantly lower than the plume Tp ~ 1750 °C proposed by Arndt and Lesher (1992)
and others for the generation of the later komatiites. Instead, the calculated 7}, range in-
cludes solutions only ~100-250 °C hotter than present-day ambient mantle, which is only
slightly elevated above temperature projections for the Archacan mantle and estimates of
the secular cooling of the Earth (i.e. <490 °C; Jarvis and Campbell, 1983; Richter, 1988;
Nisbet et al., 1993).

The results from REE modelling are consistent with decompression melting of a slightly
hotter Archaean mantle, induced by moderate extension of the pre-existing lithospheric
lid, but also with the more elevated temperatures of a mantle plume head. Since the
filtered dataset comprises samples with significant spatial and temporal variability, similar
melting conditions must have been present at multiple times and possibly also at multiple
locations. Although this periodicity would be easier to explain with purely extensional-
driven melting, the required temperature excess for deeper melt derivation does point
towards the contribution of a mantle plume. It is, of course, also possible that the different
magmatic events are the result of similar melting extents produced by distinct combinations
of T}, and zj,.

Since the present study only examines the low-Th basalts erupted prior to the main
komatiite sequences across the Eastern Goldfields Superterrane, it cannot fully reconcile
or (dis)prove either of the previous geodynamic proposals. Nonetheless, our results require
melting of a somewhat depleted peridotite source at shallow depths and moderately ele-
vated temperatures. The extension required to trigger melting could be derived either from

stresses above a rising plume head or from lateral tectonic processes that Capitanio et al.
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(2020) suggest were more prevalent in the weaker Archaean lithosphere. Our results sup-
port a plume origin for the later komatiite sequences, and ultimately TTG formation and
cratonisation in response to this heat input, as suggested by Campbell et al. (e.g. 1989);
Arndt and Lesher (e.g. 1992); Nisbet et al. (e.g. 1993). In contrast to the previous plume
models, however, we argue that the low-Th basalts at the base of the succession predate
the arrival of the main part of the plume and represent near-ambient mantle conditions
of the late Archaean times in an extensional setting (Fig. 4). The excess heat suggested
by our model results could indicate a contribution from the head of the rising plume, al-
though a significant proportion of decompression melting of the ambient upper mantle is
also possible. This conclusion is supported by previous suggestions of genetic differences
between low-Th basalts and overlying komatiites: Lunnon basalt and Kambalda komatiite
have ex4 values of 2-3.7 and >4, respectively, indicating that they could be derived from

different mantle sources (Campbell et al., 1989; Lesher and Arndt, 1995).

5.2. Isostatic considerations

As a final test of our preferred geodynamic setting for the early Eastern Goldfields
Superterrane, we have performed isostatic calculations to verify if the proposed lithospheric
thickness and mantle potential temperatures are consistent with the changing depositional
environments recorded in the stratigraphic record. The Kambalda Sequence records a clear
evolution from submarine to subaerial setting, where the low-Th basalts are still erupted
below sea level but significant uplift must have occurred by the end of the komatiite and
later basaltic events. Figure 4 summarises a possible sequence of events and the respective
lithospheric structure used for isostatic calculations.

We balance extrapolated stratigraphic columns from the Kalgoorlie region at 2.72 Ga,
2.69 Ga and its present-day cratonic architecture against a present-day mid-oceanic ridge.
Following the approach of Klocking et al. (2018), the elevation of a continental column
is calculated relative to the density structure of a mid-oceanic ridge, based on the thick-

nesses and densities of crustal, lithospheric and asthenospheric mantle components. We
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use present-day continental lithospheric thickness of 220 km as the compensation depth.
Lithospheric and asthenospheric mantle densities are functions of pressure and temper-
ature. We assume an asthenospheric temperature gradient of 0.44 °C km™!, a pressure
gradient of 0.033 GPa km™!, a reference mantle density of 3.33 Mg m~2, a thermal ex-
pansion coefficient of 3.3 x 107° °C~!, and a bulk modulus of 115.2 GPa. Crustal and
lithospheric thickness, crustal density, continental lithosphere depletion and mantle poten-
tial temperature are variable, with values used for each calculation given in Table 1. Note
that in all of these calculations lithospheric thickness is inclusive of crustal thickness, i.e.
the lithosphere comprises both mantle and crustal lithologies.

With the present-day crustal thickness of 40 km, lithospheric thickness of 220 km,
ambient mantle T}, and a crustal density of 2.74 Mg m™ based on a 25:75 ratio of mafic
and felsic lithologies, this isostatic calculation is able to match present-day elevations of
400 m above sea level (Fig. 4i).

At ~2.72 Ga, just before the onset of the Kambalda Sequence magmatism, the litho-
sphere was likely composed of Youanmi-Terrane continental crust and mantle, of which
~3 km of mafic crust are exposed in the stratigraphic record (Kositcin et al., 2008). Al-

though the crustal thickness at this time is unknown, it must be at least 5-10 km and

Time (Ga) | z; (km) 2z, (km) p. (Mgm™) Ap, Mgm™3) T, (°C) u (km)
>2.72 50 15 2.8 0 1420 -0.77
2.72 (pre) | 40 10 2.8 0 1550 -0.42
2.72 (post) 110 30 2.9 0 1550 -0.06
2.65 180 50 2.9 0.015 1420 0.64
0 220 40 2.74 0.015 1330 0.39

Table 1: Calculated elevations, u, and variable parameters used for isostatic calculations of the Kalgoorlie
region at different times. The two rows at 2.72 Ga refer to conditions immediately pre- and post-eruption
of low-Th basalts. zp = lithospheric thickness; z. = crustal thickness; p. = crustal density; Apyp =

continental lithosphere depletion, values from Crosby et al. (2010); T, = mantle potential temperature.
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a submarine setting is required both for the eruption of the pre-existing mafic crust and
the low-Th basalts. For this pre-Kambalda column, crustal thicknesses of <15-20 km in
combination with lithospheric thickness of ~40-60 km at ambient mantle potential tem-
perature satisfy elevations below sea level, assuming a crustal density of 2.8 Mg m~3 that
resembles roughly equal proportions of Youanmi continental crust and denser mafic melts.
For example, assuming lithospheric and crustal thicknesses of 50 and 15 km, respectively,
predicted elevations are ~770 m (Fig. 4g).

At ~2.72 Ga, the low-Th basalts at the base of the Kambalda Sequence are then
generated by moderate amounts of extension of this pre-existing lithosphere and the arrival
of a heat anomaly, for example from the rising head of a mantle plume. REE model results
predict lithospheric thickness of ~40 km and 7}, of ~1550 °C, implying a stretching factor of
~(0.8. Assuming constant stretching factors for both crust and mantle, we deduce a crustal
thickness of ~10 km, and elevations immediately before the emplacement of the low-Th
basalts are predicted to be 420 m (Table 1). More elevated mantle potential temperatures
would increase elevations above sea level. For example, if we instead assume 7T}, of 1700 °C
at 2.72 Ga, lithospheric thickness would need to be >80 km to still guarantee a submarine
setting. Such high lithospheric thickness is inconsistent with our REE modelling and would
not be able to produce melts with the depleted chemical signature of the low-Th basalts.

The total melt volume predicted by INVMEL-v12 at these conditions would have in-
creased crustal thickness by up to 20 km (see discussion above), as well as further increas-
ing overall crustal density. In turn, the highly depleted mantle residue left after 30% melt
extraction, would also increase total lithospheric thickness. To satisfy submarine eruptive
settings even after low-Th basalt emplacement, assuming a crustal thickness of 30 km and
the persistence of the thermal anomaly, lithospheric thickness is required to increase to
110 km. Subsequent komatiite emplacement and later mafic magmatism would further
increase crustal thickness to 50 km or more, as required for TTG production. By 2.62 Ga,

therefore, addition of >>20 km of predominantly mafic crust could have raised elevations
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to above +640 m, even after the dissipation of the mantle thermal anomaly (Fig. 4h).
Crustal reworking during TTG production, delamination of mafic roots and conductive
cooling and thickening of the lithospheric root would then gradually have reduced eleva-

tions to present-day values (Fig. 4i).

6. Conclusions

We use a new compilation of mafic volcanic compositions from the eastern Yilgarn
craton to reassess late Archaean geodynamic processes in the Eastern Goldfields Superter-
rane prior to cratonisation. Widespread, relatively homogeneous depleted tholeiitic basalts
across the entire terrane suggest melt generation at shallow depths and high melt fractions.
REE modelling predicts lithospheric thickness <50 km and mantle potential temperatures
elevated by ~110-270 °C compared to present-day ambient mantle. Isostatic calculations
based on these results and stratigraphic constraints predict surface elevations that match
the observed evolution from submarine to subaerial deposition during basalt and komatiite
emplacement. These results suggest that basal low-Th basalts are the result of decompres-
sion melting at Archaean near-ambient mantle temperatures below pre-existing crust and
thin lithospheric mantle in an extensional setting. Moderately elevated mantle potential
temperatures suggest the contribution of heat from a rising plume head. Extension could

either be caused by far-field stresses above the rising plume head or lateral stresses.

Data and Software Availability

The mafic igneous data compilation for Australia is published as Klocking et al. (2025)
in the DIGIS geochemical data repository hosted by GFZ Data Services. The screened
dataset, as well as software for data screening, misfit calculations and isostatic balances is
available on Zenodo/GitHub (Klocking, 2025). INVMEL-v12 software was developed and

is owned by D. McKenzie to whom requests for access should be directed.
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Figure 1: Mafic and ultramafic igneous stratigraphy in the Yilgarn craton. a) Distribution of all igneous
samples coloured by age. Larger symbols indicate samples that pass screening for primitive, uncontam-
inated compositions (see Section 3 for further information). Background coloured by crustal age; black
lines = craton/terrane boundaries. b) Mafic and ultramafic igneous units from 1:500 000 State interpreted
bedrock geology of Western Australia (2020), coloured according to stratigraphic units in c); thin grey
lines = fault lines; thick black lines = province boundaries from Cassidy et al. (2006); black circles =
distribution of screened samples. c¢) Representative stratigraphic column based on GSWA 2018 Eastern

Goldfields stratigraphy; approximate unit thicknesses after Kositcin et al. (2008).
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Figure 2: Geochemical characteristics of screened dataset. a) MgO against Nb/U to illustrate data screen-
ing process. Large circles = screened samples coloured by age; small grey circles = (ultra-)mafic samples
that did not pass screening. Screening criteria are summarised in inset. b) Trace element distribution
of screened dataset, coloured by sample age and normalised to primitive mantle composition (PM; Mc-
Donough and Sun, 1995). Composition of representative present-day normal and enriched mid-ocean ridge

basalt shown to highlight extreme depletion of Yilgarn samples (N- and E-MORB, respectively; Gale et al.,
2013).
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Figure 3: Results from inverse modelling of mean composition of screened dataset corrected for olivine
fractional crystallisation. (a) Observed and calculated REE concentrations normalised to primitive mantle.
Circles with vertical bars = mean observed concentrations + 3o; black line = best-fit concentrations
calculated by inverse modelling; orange polygon = models with rms misfit <2. Note that only La, Nd, Dy
and Yb were used to calculate misfit. (b) Calculated melt fraction as function of depth. Solid black line =
melt fraction obtained by fitting average REE composition shown in (a), where the change in slope is due
to exhaustion of clinopyroxene from the mantle source; dotted lines = isentropic melting curves labelled
according to potential temperature; dashed lines = phase boundaries for spinel and garnet. ¢) Same as a)
for trace element concentrations. These elements were not used in misfit calculation. Predicted potential
temperature (Tp) and lithospheric thickness (z1) shown in top right. d) Range of Tp and zj tested,
coloured by rms misfit. Envelope of darkest red region = rms misfit <2. Note that during fractionation
correction Tm and all trace elements in c¢) are corrected by mass balance only, which likely leads to an

underestimate of their concentrations in the final melt.
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Figure 4: Cartoon summarising the possible geodynamic setting leading to the eruption of basal low-Th
basalt and komatiites in the eastern Yilgarn craton (not to scale; ages representative of the Kambalda
region). The scenario combines several episodes of lithospheric extension with the plume head-and-tail
hypothesis suggested by Campbell et al. (1989), followed by cratonisation after Campbell and Davies
(2017). (a—b) Extension of pre-existing Youanmi continental crust/lithosphere leads to eruption of sub-
marine mafic basalts (blue) to form the pre-existing mafic crust. (c) The arrival of an upwelling mantle
plume induces further extension, where melts from the plume head mix with decompression melting of
the ambient mantle to form the basal low-Th basalts (green). (d) Deep melts derived from the hot plume
tail result in komatiite volcanism (purple); mixing of komatiitic melts with tholeiitic intrusions, crustal
assimilation and fractionation generate contaminated basalts (mint) and felsic volcanics of the Black Flag
Group (yellow). Mafic to ultramafic intrusives form in the lower crust (brown). (e) Large-scale crustal
reworking and delamination of dense, ultramafic lithologies during cratonisation. (f) Present-day stable
continental architecture of predominantly granitic (pink) crust with greenstone belts (green), above de-
pleted lithospheric mantle. (g—i) Isostatic columns that are balanced against a modern-day mid-oceanic

ridge; representative of unit thicknesses in panels b), d) and f), respectively.
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